ϩ stimulation of both chemoreceptors that is greater (hyperadditive) or less (hypoadditive) than the sum of the responses when stimulation of each set of chemoreceptors is individually altered. Simple summation of the simultaneous changes in stimuli results in no interaction (i.e., additive interaction). Knowledge of the nature of central/peripheral interaction is crucial for determining the physiological significance of newer models of ventilatory control based on recent neuroanatomic observations of the circuitry of key elements of the ventilatory control system. In this review, we will propose that these two sets of receptors are not functionally separate but rather that they are dependent on one another such that the sensitivity of the medullary chemoreceptors is critically determined by input from the peripheral chemoreceptors and possibly other breathing-related reflex afferents as well. The short format of this minireview demands that we be somewhat selective in developing our ideas. We will briefly discuss the limitations of experiments used to study CO 2/H ϩ sensitivity and interaction to date, traditional views of the relative contributions of peripheral and central chemoreceptors to CO 2/H ϩ sensitivity, the evidence for and against different types of interaction, and the effect of tonic carotid chemoreceptor afferent activity on central control mechanisms.
Despite many insights provided by studies of interaction in anesthetized and decerebrate preparations, it must be acknowledged that such preparations also have major limitations. Chief among these is that the use of anesthesia inevitably obtunds reflexes to some degree and also induces acidosis in plasma and cerebrospinal fluid (CSF) that could confound the observations (e.g., 27, 39) . To avoid anesthesia, some studies utilized a decerebrate preparation, which can be problematic because the loss of suprapontine structures has been shown to produce a tachypneic hyperventilation in spontaneously breathing preparations (25) . This effect is a result of increased neural activity in the ventilatory control system that would also increase the likelihood of neural saturation on a superimposed chemoreceptor stimulation (14) . In both anesthetized and decerebrate preparations, the animals are often vagotomized, which may have influenced central responsiveness as a result of removal of an inhibitory influence of vagal stimulation on chemosensitive retrotrapezoid nucleus (RTN) neurons (37) . Finally, in many of these preparations, the animals are inhaling a hyperoxic gas mixture in an attempt to chemically denervate the carotid chemoreceptors. However, paradoxically, hyperoxia stimulates ventilation centrally if inhaled for prolonged periods, which obviously would affect the data obtained (13) .
Unanesthetized Preparations
To overcome the difficulties of reduced preparations, some investigators have turned to unanesthetized preparations using variations of three basic approaches.
1) Carotid body denervation. It has long been assumed that denervation of the carotid bodies (CBD) simply eliminates afferent input from the carotid body chemoreceptors, unmasking pure central responses. Within the last decade evidence has accumulated to suggest that this is not the case. CBD has been shown to i) reduce glutamate turnover in the CSF of dogs and therefore probably reflects a reduction in neuronal glutamatergic activity (30) ; ii) affect the levels of cytochrome oxidase in the pre-Bötzinger complex in the rat (33) ; and iii) reduce the ventilatory sensitivity to focal acidosis at multiple sites in the medullary raphe (29) . Moreover, it is well known that peripheral chemosensitivity can return over time following CBD in some species particularly neonates (55, 56) possibly due to upregulation of the afferent and/or efferent limbs of the reflex (2, 31, 36) . However, in adult ponies (2) and goats (45) there was no or minimal recovery of peripheral chemosensitivity following CBD even though resting arterial PCO 2 (Pa CO 2 ) had returned to normal. Ventilatory responses in CBD preparations are therefore time dependent, which can increase the uncertainty of any observations.
2) Temporal separation. Some investigators have attempted to take advantage of the differences in response times of central and peripheral chemoreceptors to separate central from peripheral effects (7, 49, 58, 61) . The major limitations of the temporal separation approach are i) the temporal uncertainty introduced by short-term potentiation (STP) of ventilation following a ventilatory stimulus; ii) the transient nature of the responses; and iii) the potential for temporal overlap between the responses of the two sites.
3) Independent control of central and peripheral stimuli. While challenging technically, independent control of central and peripheral stimuli in an unanesthetized preparation perhaps offers the most physiological way to quantify central/peripheral interaction at the integrative level. The general approach has been to control the blood gas environment of the carotid body chemoreceptors by means of perfusion with blood from an extracorporeal gas exchanger in which PCO 2 , PO 2 , and pH were controlled by the investigators (e.g., 5, 59). The systemic circulation, and therefore the environment of central chemoreceptors, can be altered by means of changes in fractional inspired oxygen (FI O 2 ) and/or carbon dioxide content (FI CO 2 ). This technique requires unilateral CBD, which has been shown to have a transient effect on CO 2 sensitivity and PaCO 2 while breathing room air (43) but appears to have no effect on eupneic ventilation or CO 2 sensitivity after a few days (6, 59) , which is the time when experiments of this sort typically begin. Retrograde perfusion of the carotid sinus region raises local blood pressure slightly and eliminates breathing-related blood gas oscillations, but this has no effect ventilation if the mean perfusate blood gases and pH are matched to a given animal's eupneic values.
RELATIVE CONTRIBUTIONS OF PERIPHERAL AND CENTRAL CHEMORECEPTORS TO CO2-H ؉ SENSITIVITY
For many years, the prevailing view was that CO 2 /H ϩ sensitivity was due exclusively to the central chemoreceptors.
The elegant studies in awake goats by Fencl, Pappenheimer, and colleagues (15, 46, 47) and studies using lesioning in the ventrolateral medulla (52, 53) (26) cannulated the vertebral arteries of anesthetized cats and used an extracorporeal circuit to perfuse the pons and medulla separately from the systemic circulation (including the peripheral chemoreceptors). They measured the ventilatory response to changes in PaCO 2 (2-8% inspired CO 2 ) at three different constant levels of central PCO 2 . All three peripheral CO 2 response curves were linear and there was no difference in their slopes, but the curves were shifted progressively to higher ventilations as the central PCO 2 was increased. The central CO 2 response curve was also linear, and its slope was twice that of the peripheral slope. CBD did not affect the central sensitivity to PCO 2 , but it eliminated peripheral sensitivity. The authors concluded that the central and peripheral chemoreceptors contributed two-thirds and one-third, respectively, to overall CO 2 sensitivity and that "interaction between central and peripheral chemical stimuli are negligible." This type of simple additive effect of respiratory stimuli has also been observed between muscle afferents and central chemoreceptors (35) and between the effect of cold block of "area S" in the medulla and peripheral chemoreceptor stimuli (54) .
Hypoadditive interaction. In contrast to the above, data from other isolated perfusion studies suggest hypoaddition of central and peripheral chemoreceptor activity. In anesthetized cats, Giese et al. (20) denervated one carotid complex and used an extracorporeal circuit to isolate the perfusion of the other complex from the systemic and thus central circulation. The major finding was that the ventilatory response to hypoxia in the carotid circulation was decreased when PaCO 2 (and thus central PCO 2 ) was increased from 35 to 65 mmHg. Similarly, Riedstra (48) cannulated a vertebral artery of anesthetized cats to isolate perfusion of the brain from the systemic and thus carotid perfusion. He found that increasing central PCO 2 shifted the ventilation-PaO 2 response relationship upward but the slope of the response to hypoxia was decreased as the central PCO 2 was increased.
Data from other studies also suggest hypoaddition between central and peripheral chemoreceptor activity. In anesthetized cats, Berger et al. (1) (14) , who found that the phrenic nerve activity or ventilatory responses to peripheral chemoreceptor stimulation elicited by electrical stimulation of the sinus nerve became progressively smaller as central PCO 2 stimulation was progressively increased. Eldridge, however, did not think his observations were due to a specific interaction but rather to a general property of a neural component of the central pathway. Additional apparent demonstrations of hypoaddition were obtained by Kiwull et al. (32) and Gesell et al. (19) in anesthetized rabbits and dogs, respectively. Both groups found that the reduction in ventilation after cold block of sinus nerve activity decreased as central CO 2 was increased. Conversely, when central CO 2 was low, then cold block of the sinus had a large effect, leading to the conclusion that normally the peripheral "chemoreceptors exert an important tonic stimulation of breathing." The idea of hypoaddition has received recent support from Day and Wilson (11, 12) . These authors used a sophisticated dual perfusion decerebrate rat preparation to control the environments of the carotid body chemoreceptors and central chemoreceptors independently and observed smaller responses in phrenic output as the PCO 2 of the central chemoreceptors was increased.
Hyperadditive interaction. Hyperaddition of peripheral and central chemoreceptor activity has also been observed. Loeschcke et al. (34) electrically stimulated the carotid sinus nerve in anesthetized cats. He found that the tidal volume response to increased voltage of stimulation increased as end-tidal PCO 2 (PETCO 2 ) was increased and also when he increased [H ϩ ] in the subarachnoid space of the medulla. Loeschcke speculated that "the interaction of CO 2 with sinus nerve impulses could then be a summation in a group of synapses of the impulses originating from this receptor with the impulses running in the sinus nerve. This summation would resemble the facilitation observed in the spinal cord as described by Sherrington, in which submaximal stimulation of two afferent nerves produces a total response that is greater than the sum of their individual effects."
In summary, the bulk of the evidence in anesthetized/ decerebrate preparations supports the concept of hypoaddition although there is enough evidence in support of hyperaddition or simple additive interaction to prevent consensus.
Evidence For and Against Interaction: Studies in Unanesthetized Preparations
The controversy remains even if one examines only data from intact, unanesthetized preparations. Additive (i.e., no) interaction has been observed in humans (8, 9, 61) utilizing techniques that relied on temporal separation of the central and peripheral chemoreceptors. Additive interaction has also been observed in the goat utilizing reversible isolation and perfusion of the carotid body chemoreceptors to isolate the peripheral and central stimuli (10) . Hyperadditive interaction has been observed in one study in humans again using techniques that relied on temporal separation of the central and peripheral chemoreceptors (49) . Consistent with the concept of hyperaddition are observations from the unanesthetized dog with a reversibly isolated and perfused carotid body in which specific, maximal physiological inhibition of the carotid body resulted in a marked inhibition of ventilation that persisted throughout the steady state (many minutes), suggesting that the gain of the central chemoreceptors had been reduced since they appeared not to compensate fully for the persistent respiratory acidosis (4, 59) . Hypoadditive interaction has been observed in goats using perfusion of artificial CSF into the cisterna magna to alter the acid-base environment of the medullary chemoreceptors while stimulating the carotid body chemoreceptors with boluses of sodium cyanide (57). Again, comparisons among studies are difficult due to the diverse experimental approaches used.
DO CAROTID BODY CHEMORECEPTORS MODULATE THE CENTRAL SENSITIVITY TO CO2/H
The studies summarized above do not provide conclusive evidence on the nature of interaction between central and peripheral chemoreceptors. Although perhaps not generally appreciated, the existence of other-than-additive central/peripheral interactions demands modulation of one set of chemoreceptors by the other, or possibly even mutual modulation (13, 14, 34) . As discussed below, the collective evidence from several CBD studies and studies using isolation and perfusion of the carotid bodies strongly suggests that the carotid body chemoreceptors modulate the ventilatory response to changes in central PCO 2 /H ϩ , and also contribute substantially to the eupneic drive to breathe.
Over the first few days after CBD in goats, there is a decrease in eupneic breathing, an increase in Pa CO 2 during eupnea, and a decrease in CO 2 sensitivity ( Fig. 1 and Ref 45) . The reduced CO 2 sensitivity must reflect in part a decrease in CO 2 sensitivity centrally. As shown in Fig. 1 , before CBD, increasing Pa CO 2 by inhaling in order 3, 5, and 7% inspired CO 2 increased Pa CO 2 from 39 to 46 mmHg, which increased inspired pulmonary ventilation (V I) from 6 to 20 l/min. However, 4 days after CBD, V I was 2-3 l/min below pre-CBD, and PaCO 2 was 10 mmHg above pre-CBD. Not shown are data indicating that after CBD, hypercapnia and an acidosis also exist centrally (3) . Accordingly, the loss of tonic carotid chemoreceptor afferent input must have reduced the sensitivity or gain of the central chemoreceptors or else the elevated PCO 2 would have created a marked hyperpnea. Rodman et al. (50) made similar observations in the dog in response to hyperoxic hypercapnia before and after CBD. Indeed this change has been shown directly in the CBD model by findings in awake Fig. 1 . Goats hypoventilate and have reduced sensitivity to CO2 for at least 7 days after carotid body denervation (CBD), but thereafter, there is a normalization of breathing. Depicted are data from a single, awake goat and on each day data were obtained while breathing room air (initial point) and while inhaling in order 3, 5, and 7% CO2 gas mixtures. Note the reduced ventilation and increased arterial PCO2 (PaCO2) in eupnea and the reduced ventilatory response slope over the first 7 days after CBD. Data are from Ref. 45 . V I, inspired pulmonary ventilation.
goats that the V I increase in response to focal acidosis (via microdialysis) within the medullary raphe was reduced by 50% post-vs. pre-CBD (29) . A concern here is whether this reduction in central gain is representative of ventilatory responses when carotid chemoafferents are intact (see EXPERIMENTAL Some very recent data from Blain et al. (4) in the unanesthetized dog have attempted to address this question. In awake dogs, perfusion of the isolated carotid body chemoreceptors with hypocapnic and hyperoxic blood caused, within 30 s, a 60% decrease in V I and a 10 mmHg increase in PaCO 2 . Subsequently, within 1 min, V I rebounded ϳ1 l/min to ϳ70% of control (Fig. 2) . Assuming this compensation of V I was secondary to hypercapnia at the central chemoreceptors, central CO 2 sensitivity was then 100 ml·min Ϫ1 ·mmHg Ϫ1 . In this preparation, the carotid hyperoxia and hypocapnia presumably attenuated tonic carotid chemoreceptor input to the respiratory control network. In a previous study from this laboratory (58) using similar techniques, the isolated carotid body was maintained normocapnic and normoxic; thus tonic activity was presumably normal when central CO 2 sensitivity was assessed and found to be 400 ml·min Ϫ1 ·mmHg Ϫ1 . Thus central CO 2 sensitivity was reduced to 25% of normal by attenuating tonic carotid activity. Although these data are from two different studies using two different groups of dogs and, therefore, somewhat indirect, they support the idea that carotid body chemoreceptor afferents can modulate the sensitivity of the central chemoreceptor.
There are at least three brain stem regions whereby carotid afferents may affect central chemosensitivity. One could be interaction within the nucleus tractus solitarius (NTS), which is the site of the first central synapse for carotid afferents and which is also a site of CO 2 /H ϩ chemoreceptor neurons (40) . Interaction within the NTS may then result in augumented signaling to other parts of the respiratory network. A second proposed mechanism is based on neuroanatomic and neurophysiological evidence from reduced preparations indicating that carotid body chemoreceptor inputs and possibly many other ventilatory-related reflex inputs converge primarily on a putative chemosensitive/integrating region in the parafacial respiratory group (pFRG)/RTN. The pFRG/RTN is characterized by chemosensitive glutamatergic interneurons that strongly express Phox2b (21-24, 37, 38, 51, 60, 62, 63). These Phox2b neurons have been shown to mark "an uninterrupted chain of sensors and neurons involved in the integration of peripheral and central chemoreception. This circuit includes the carotid bodies, chemoreceptor afferents, chemoresponsive NTS projections to the ventrolateral medulla (VLM), and pFRG/RTN central chemoreceptors" (62) . Guyenet et al. (21) have shown that the activity of these chemosensitive neurons can be altered by changes in carotid chemoreceptor activity and by altered input from hypothalamic "central command" neurons. They postulate 1) that pFRG/RTN neurons integrate information from these multiple sources; and 2) that normal neuronal activity of these neurons is required for normal breathing awake and during sleep and also for normal responses to hypercapnia, hypoxia, and exercise. Supportive of this concept are data showing that cooling-induced neuronal dysfunction of this VLM area in awake goats uniformly decreases breathing during eupnea, hypoxia, hypercapnia, and exercise and this depressant effect is uniformly exaggerated by CBD (16, 17, (42) (43) (44) . A third proposed mechanism for carotid/central chemoreceptor interaction is based on studies in decerebrate, vagotomized cats using multiarray technology and spike train analysis to identify functional connectivity among neurons in the ventral respiratory column (VRC), dorsal raphe, and pontine respiratory group (PRG) (41) . Data were obtained during sequential activation of either carotid or central (raphe, 28) chemoreceptors via injection of CO 2 -saturated saline into either the carotid or vertebral arteries, respectively. Stimulation of each set of chemoreceptors increased activity of some VRC, raphe, and PRG respiratory neurons. Some raphe neurons stimulated by carotid activation were functionally inhibited by central chemoreceptor stimulation, whereas other raphe neu- rons were stimulated by activation of both carotid and central chemoreceptors. Correlations between neural spike trains indicated paucisynaptic interactions among neurons within the VRC, raphe, PRG network. The findings suggest "interactions that differentially promote and limit interactions" (41) between the two sets of chemoreceptors. The authors concluded the results "support the hypothesis that midline brain stem neurons are connected to the PRG and VRC in ways appropriate for shaping the physiological responses evoked by both types of chemoreceptors" (41) .
In summary the collective evidence from studies in unanesthetized mammals strongly suggests that tonic carotid activity affects the centrally mediated ventilatory response to hypercapnia. This effect might be mediated through interactions within the NTS and/or through NTS projections to pFRG/RTN integrating neurons and/or through projections to neurons of a raphe-pontomedullary respiratory network. It is difficult to reconcile the findings in unanesthetized preparations with those of anesthetized preparations in which the preponderant finding is hypoaddition. We suggest that this qualitative difference is most likely explained by the limitations imposed by anesthesia and/or decerebration discussed above.
IMPLICATIONS
If the physiological significance of the neural circuitry of the NTS, pFRG/RTN, and/or raphe-pontomedullary respiratory network are confirmed it will change the way physiologists think about the interplay between central and peripheral chemical stimuli in fundamental ways. If the carotid body chemoreceptors can effectively and rapidly modulate the gain of the central chemoreceptors/integrators then it is no longer useful to think of the central and peripheral chemoreceptors as independent sensors each contributing some fraction of the ventilatory response to CO 2 /H ϩ . Rapid modulation of the gain of the central chemoreceptors could be of particular importance in understanding ventilatory control in the face of transient stimuli such as in sleep apnea or in conditions in which carotid body chemoreceptor activity is known to be upregulated such as heart failure or chronic hypoxia.
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